Acoustic
information in auditory nerve discharges is integrated in the cochlear nuclei, and ascends through several parallel pathways to higher centers. Octopus cells of the posteroventral cochlear nucleus form a pathway known to carry information in the timing of action potentials. Octopus ceils have dendrites oriented to receive converging input from many auditory nerve fibers. In all 34 intracellular recordings from anatomically identified octopus cells in slices, shocks to the auditory nerve evoked brief, consistent, graded EPSPs. EPSPs were about 1 msec in duration. At all but the lowest shock strengths, the delays between shocks and the peaks of resultant EPSPs had SDS of 0.02 msec. Polysynaptic excitation, perhaps arising from the axon collaterals of octopus cells, was observed.
No detectable glycinergic or GABAergic inhibition was evoked with shocks. The input resistances were low, around 10 MR, voltage changes were rapid, with time constants of about 1 msec, and action potentials were small. The low input resistance resulted in part from a Cs+-sensitive conductance.
In the presence of 10 or 15 mM extracellular Cs+ the time constants increased 20-fold in the hyperpolarizing voltage range.
As several subthreshold inputs were required to produce suprathreshold responses, octopus cells detect the coincident firing of auditory nerve fibers. Under physiological conditions the low input resistance and resulting short time constant limit the time over which temporal summation of excitation from auditory nerve fibers can occur and thus provide temporal precision to electrical signaling. [Key words: auditory pathways, brain slices, intracellular recordings, cochlear nuclei, hearing, inward rectifier]
The octopus cells lie in an area defined by a discrete border in the most caudal and dorsal posteroventral cochlear nucleus in mammals (Osen, 1969; Kane, 1973; Brawer et al., 1974; Disterhoft, 1980; Webster and Trune, 1982; Rhode et al., 1983; Willard and Ryugo, 1983; Adams, 1986; Hackney et al., 1990; Morest et al., 1990; Oertel et al., 1990; Willott and Bross, 1990; Wickesberg et al., 1991) . Their axons travel through the intermediate acoustic stria to terminate contralaterally in the dorsomedial periolivary nucleus and in the ventral nucleus of the lateral lemniscus, forming one of the major ascending auditory pathways (Warr, 1969 (Warr, , 1972 (Warr, , 1982 Adams and Wan; 1976; Joris et al., 1992; Smith et al., 1993) . Octopus cells seem to trade tuning for timing. Most parts of the cochlear nuclei of mammals are organized so that a tonotopically arranged population of cells encodes the hearing range as a whole, each cell encoding only a limited frequency range (Rose et al., 1959) . Auditory nerve fibers innervate isofrequency laminae that stack to form a topographic representation of frequency (Osen, 1970; Blackstad et al., 1984; Wickesberg and Oertel, 1988; Leake and Snyder, 1989; Brown and Ledwith, 1990; Berglund and Brown, 1993) . Individual target cells receive input from a restricted group of auditory nerve fibers and are tuned to a narrow range of frequencies. The organization of the octopus cell area is different. There auditory nerve fibers are closely bundled; the large dendrites of octopus cells extend across the fibers, poised to receive converging input from fibers emanating from wide regions of the cochlea (Osen, 1969; Kane, 1973) . As expected from such an anatomical arrangement, octopus cells in vivo are broadly tuned and are between 20 dB to 50 dB less sensitive to tones than other cells in the ventral cochlear nucleus (Godfrey et al., 1975; Rhode and Smith, 1986; Joris et al., 1992) . There are few octopus cells, only about 200 in the PVCN of a mouse (Willott and Bross, 1990) , so that any spatial map, such as a tonotopic map, necessarily has limited resolution in the octopus cell area. The responses of octopus cells to sound are remarkable for the precision in timing in encoding the onset of tones and clicks (Godfrey et al., 1975; Romand, 1978; Rhode et al., 1983; Rouiller and Ryugo, 1984; Rhode and Smith, 1986; Friauf and Ostwald, 1988; Joris et al., 1992; Smith et al., 1993; Feng et al., 1994) .
With intracellular recordings we show that octopus cells are remarkably fast in vitro in concordance with their ability to encode timing with precision in vivo. They respond to shocks of the auditory nerve fibers with brief EPSPs that are consistent in their shape and timing. Octopus cells have unusually low input resistances that are mediated in part by a Cs+-sensitive conductance. These unusual electrical characteristics make octopus cells well suited to convey precise timing information contained in the firing of groups of auditory nerve fibers.
Materials and Methods
Slices of the cochlear nuclear complex were prepared from mice (CBA and BALB/C strains) ranging in age from 17 to 26 d after birth. No obvious differences were observed in the properties of octopus or other cells as a function of age or strain. Details of techniques have been published previously (Oertel, 1985; Zhang and Oertel, 1993a) . Briefly, animals were decapitated and the brain was removed under oxygenated (95% O,, 5% CO,) normal saline which contained 130 mrvt NaCI, 3 mM KCI, 1.3 mM MgSO,, 2.4 mM CaCl,, 20 mM NaHCO,, 3 mM HEPES, 10 mM glucose, 1.2 mM KH? PO, , pH 7.4. Parasagittal or coronal slices 200-350 pm thick were prepared using an oscillating tissue slicer (Frederick Haer). Slices were maintained in a chamber where they were submerged in rapidly flowing, oxygenated saline solution (Oertel, 1985) . The flow rate of solution in the chamber ranged from 6 to 12 ml/min and the temperature adjacent to the slice was held between 33.8 and 34.l"C. In a few of the experiments recordings were made from cochlear nuclei that were cut in their entirety from the brain stem with scissors (Zhang and Oertel, 1993a) . These preparations were similar in size and shape as well as in their behavior to parasagittal slices and are thus lumped with parasagittal slices.
For delivery of different pharmacological agents during intracellular recording, the bathing solution was exchanged with the test solution without interruption of the flow. 4-Aminopyridine (4-AP) (Sigma), strychnine (Sigma), and 6,7-dinitroquinoxaline-2,3-dione (DNQX) (Tocris Neuramin), were simply added to the bathing solution. Tetraethyl ammonium chloride (TEA) (Sigma) and CsCl (Sigma) were substituted for an equal concentration of NaCI.
To activate auditory nerve fibers, shocks were delivered to the cut end of the auditory nerve. Stimulating electrodes, a pair of fine tungsten wires, insulated except at their 50 pm diameter tips, were placed on the nerve root and voltage pulses of 100 ysec duration were delivered through optical stimulus isolators at amplitudes ranging from 0.1 to 100 V at rates ranging from 0. llsec to 10001sec. Intracellular recordings were obtained using glass microelectrodes. Electrodes were generally filled with 1% biocytin (Sigma) in 2 M potassium acetate; the electrodes had resistances from 120 to 200 MR In two experiments electrodes were filled with 2 M CsCl and I% biocytin. Membrane potential was monitored throughout the experiment on a chart recorder. In some experiments, records of physiological responses of cells were photographed directly from an oscilloscope; in others responses were digitized and stored on a Northgate 486 computer using PCLAMP software (Axon Instruments). For some of the digitally recorded responses, measurements were made of latencies between the beginning of the shock artifact to the peak of the synaptic response. For such measurements, responses were sampled at 3 or 8 psec, the maximum possible rates with the Digidata and TL-1 DMA interfaces, respectively. For measurement of time constants, the digitized records were fit with two exponentials with the Simplex routine provided in the PCLAMP (version 6) software package.
To label cells during impalement, biocytin was ejected from the electrode using 1-2 nA depolarizing current pulses of 200 msec duration delivered at a rate of 2.5/set for up to 5 min. One or two cells per slice were labeled and their locations marked on a drawing of the slice. In one slice, an extracellular injection of biocytin was also made in the root of the auditory nerve. This injection was made by applying 25 pressure pulses, 15 psi, 150 msec duration to the back of a pipette filled with 2% biocytin and having a diameter of 17 pm. Slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for periods ranging from 24 hr to 2 weeks. They were embedded in a mixture of gelatin and albumin and sectioned either as frozen sections or on a vibratome at 60 km. The sections were reacted with avidin conjugated to horseradish peroxidase (Vector ABC kit) (Horikawa and Armstrong, 1988; King et al., 1989) , and processed for horseradish peroxidase Oertel, 1988) using Co2+ and Ni2+ intensification (Adams, 1981) . Sections mounted on coated slides were counterstained with cresyl violet. The cells as well as the slices were reconstructed with a camera lucida. Each of the labeled octopus cells has been given a number that is used consistently throughout the article. 
Results
The results reported here are based on recordings from 35 anatomically identified octopus cells in 34 slices. Intracellular recordings could be clearly attributed to the labeled octopus cells in 34 cases (Table I) . Recordings from cells other than octopus cells resembled recordings reported in other publications (Wu and Oertel, 1984; Oertel et al., 1990; Oertel, 1993ac, 1994) . All reported results are from anatomically identified octopus cells. Figure 1 shows one octopus cell (cell 2), labeled with an intracellular injection of biocytin, in a slice in which a few auditory nerve fibers had also been labeled extracellularly.
Morphology of octopus cells in mice
The descending branches of auditory nerve fibers emanate from the nerve root and pass in fascicles through the multipolar cell and octopus Figure 1 . Photomicrograph of the section that includes the cell body of octopus cell 2. In this parasagittal slice an extracellular injection of biocytin had been made into the stump of the auditory nerve, outside the field of view, which labeled a few auditory nerve fibers. Auditory nerve fibers enter the nucleus ventrally and bifurcate in the nerve root (NR) visible as a triangular area that contains few cell bodies. One branch of auditory nerve fibers passes caudally through the multipolar cell area (MCA) to the octopus cell area (OCA). The path of auditory nerve fibers is apparent not only from the labeled fibers (arrows) but also from the fiber fascicles that separate groups of cell bodies in the multipolar cell area. Octopus cell 2 has its dendrites oriented perpendicularly to the fascicles of fibers. One fiber forms an end bulb around a globular bushy cell in the nerve root (asterisk) . Labeled boutons in the OCA include terminals of auditory nerve fibers and a few local collaterals of cell 2.
cell areas of the PVCN in their course caudally and dorsally to the dorsal cochlear nucleus (DCN). Fine sprays of terminal boutons spread diffusely in the octopus cell area, in contrast to the multipolar cell area where they cluster (not shown). One labeled octopus cell lies in the caudal PVCN. Characteristically, its thick dendrites cross the fascicles of auditory nerve fibers. Local collaterals of this cell lie intermingled among the terminals of auditory nerve fibers.
Reconstructions of six octopus cells are shown in Figures 2 and 3. The counterstaining with cresyl violet showed that all the labeled cells lay in the caudal PVCN among other Nissl-stained octopus cells, recognizable by their large size and their homogeneously granular staining pattern. The dendrites remained thick to near their ends where they branched. In some densely labeled cells, clusters of somatic and proximal dendritic spines were visible. In 9 of the 3.5 cells, the biocytin labeling was too light to reveal the fine details of the dendritic and axonal arborizations.
Many octopus cells in mice had local axon collaterals in the cochlear nuclei. As octopus cells are projecting cells, their large axons, between 2 and 4 p.m in diameter, were invariably cut in slices. In most of the 16 cells in which the axons could be traced for 300 p,rn or more in their course dorsally and medially, toward or into the intermediate acoustic stria, collaterals branched from the main axon to terminate in the cochlear nuclei. Commonly, collaterals terminated in adjacent granule cell regions and in the octopus cell area. Of the 16 octopus cells, 12 had collateral terminals associated with granule cells in the vicinity of the octopus cell area ( Fig. 4A -E). Terminals were observed among granule cells, in the granule cell lamina, in the superficial granule cells that cover the lateral surface of the octopus cell area, and occasionally among granule cells of the medial sheet (Mugnaini et al., 1980) . The terminals in the granule cell regions varied in size between about 2 and 5 pm in diameter. Of those same 16 octopus cells, 14 terminated within the octopus cell area. Terminal swellings of variable size were observed within the octopus cell area, in some cases intermingled with the cell's own dendrites. The terminals of cell 19 were so close to the parent soma and one of the dendrites that the cell may have terminated upon itself (Figs. 3, 4G) . Less commonly, in 3 of 16 cells, collaterals terminated in the deep layer of the DCN (Table  1) . brief and graded as a function of shock strength. In most cells the depolarizing phases of the responses lasted about 1 msec; including the afterhyperpolarization that followed the depolarizing phases, responses lasted about 3 msec. In some synaptic responses an inflection could be detected in the synaptic responses (Fig. 5, cells 2, 3, 4, 5, 9, 14, 16, 18) . This probably reflects an action potential that is generated at an electrically distant site, which sums in its attenuated form with the more locally generated EPSP The relationship between stimulus voltage and response was examined in detail in three cells (Fig. 6 ). The shape of plots of stimulus strength and response amplitude varied from cell to cell but in all cases was monotonic. Presumably more and more of the auditory nerve fibers that converge on the impaled octopus cells were brought to threshold as the shock strength was increased. The fact that the amplitude of responses was graded with shock strength over a wide range indicates that octopus cells received converging input from many auditory nerve fibers, each fiber contributing a small increment to the response. The plots of the amplitudes of responses as a function of shock strength for each of the cells showed a discontinuity that was associated with the appearance of what we interpret to be a small, all-or-none action potential in the synaptic responses. The discontinuity was most clearly seen in responses evoked by weak shocks in which the inflection followed the rising phase of the EPSP and was more obvious in the responses of cell 20 than in those of cell 6. The action potential was clearest in responses that were barely suprathreshold, in which the rising phase of the EPSP occurred before the rising phase of the action potential and gave the response an inflection. The asterisks in the three upper plots of Figure 6 indicate the amplitudes of responses near threshold; the dots to the left of the trace in the bottom panels indicate the threshold of action potentials and the associated inflection in the voltage change. With stronger stimuli, the inflections occurred earlier and became continuous with the rising phases of the EPSPs. In each of the three cells, responses below threshold were graded in amplitude, indicating that the summing of several inputs was required to bring the cells to threshold. When the inputs were activated synchronously with shocks, only a small proportion of the cells' inputs were required to bring the cells to threshold. The duration of responses reflects the time period over which auditory nerve inputs can interact. Because synaptic responses are brief, and because the summing of several inputs is required to produce an action potential, octopus cells are effective as coincidence detectors of auditory nerve inputs.
Synaptic responses to shocks of the auditory nerve
Responses of octopus cells to shocks of the auditory nerve were consistent in their shape and timing. Figure 7 shows synaptic responses of cell 12 to shocks of four different intensities delivered to the auditory nerve at a rate of I/set. Measurements of jitter in timing were made from 60 responses at each intensity. The mean latency to peak was longer (1.14 msec) and more variable (0.04 msec, standard deviation) in responses to weak shocks than in responses to strong shocks (1.02 + 0.02 msec). Jitter in latency for eight cells at various shock strengths is summarized in Table 2 . The table reveals clear trends. Weak shocks produced responses with variable latencies; for a wide range of stronger shocks, the standard deviation of the latency was 0.02 msec. Some of the variability in responses could have arisen from the variability in the number and timing of the activation of auditory nerve fibers by weak shocks. Presumably the timing of action potentials that are embedded in the peaks of synaptic responses is similar in its precision to the timing of the peaks of the large synaptic responses.
The precision in the timing of firing in responses to shocks delivered at low rates raises the question whether such precision can be maintained when auditory nerve fibers are stimulated at physiological rates. Auditory nerve fibers fire up to about 300/ set in responses to tones in cats (Sachs and Abbas, 1974) . In three labeled octopus cells we measured the synaptic responses to trains of shocks to the root of the auditory nerve. One series is illustrated in Figure 8 . EPSPs in cell 5 followed shocks at high frequencies. When this cell was stimulated at 244lsec, responses showed little decrement in amplitude and no detectable change in latency to peak in successive responses. These results indicate that octopus cells convey with precision the averaged timing of firing of a population of auditory nerve fibers over the physiological range of firing rates of auditory nerve fibers. When shocks were presented at higher rates synaptic responses showed a decrement in amplitude of both the peak and afterhyperpolarization. The cell responded robustly to each shock even at 714/ sec. When octopus cells were stimulated rapidly, the timing of the peaks of responses also changed systematically. Stimulating the auditory nerve at rates higher than 244 Hz resulted in a progressive increase in the latency to the peak of the response in successive responses. The latency to peak of the fourth response at 476 Hz was 0.18 msec greater than to the first; the eighth response in a train of shocks at 714 Hz was 0.30 msec longer than the first.
Polysynaptic responses
In most octopus cells no late synaptic responses were detected ( Fig. 5 ) but in four cells multiple EPSPs were recorded (Fig. 9) .
In some cells the late responses were consistently detectable (cell 19; trace not shown, cells 29, 31) while in another the late responses were weak and appeared sporadically (cell 15). Peaks of late EPSPs followed between 0.75 and 1.1 msec after the peaks of early EPSPs in each of these cells. The late EPSPs could represent disynaptic responses through collaterals of other octopus cells, the only cochlear nuclear neurons of mice demonstrated to terminate in the octopus cell area. IPSPs were not recorded in any octopus cell. No obvious IPSPs were detected in synaptic responses to shocks of the auditory nerve. As it was possible that the afterhyperpolarization that follows EPSPs could obscure IPSPs, we tested whether antagonists of inhibitory neurotransmitters produced any changes in the shapes of synaptic responses in two cells. Picrotoxin (100 pM) and strychnine (1 PM), blockers of GABA,ergic and glycinergic inhibition, respectively, in other cells of the cochlear nuclei (Oertel and Wickesberg, 1993) as elsewhere (Choi and Fischbach, 1981) , did not alter the shapes of synaptic responses of cells 4 (not shown) and 12 (Fig. 10) . These negative results are not the consequence of inaccessibility of drugs to the cell because 40 PM DNQX blocked the synaptic response in cell 12. IPSPs could also not be revealed chemically with potassium channel blockers. In nine experiments slices were bathed in TEA, and/or 4-AP. Upon application, these agents produced barrages of synaptic potentials, presumably because presynaptic cell bodies and terminals fired spontaneously.
In contrast with all other cell types tested in the cochlear nuclei, the spontaneous synaptic potentials in octopus cells were exclusively EPSPs. These results are consistent with the conclusion that octopus cells are not contacted by inhibitory interneurons in the cochlear nuclear complex.
EPSPs are mediated through glutamate receptors DNQX is a blocker of glutamate receptors of the AMPA subtype (Honor6 et al., 1988) . Figure 10 illustrates the sensitivity of EPSPs in cell 12 to DNQX. DNQX (40 p,M) blocked synaptic responses in all seven cells tested.
Intrinsic electrical properties
Action potentials recorded from octopus cells in slices were consistently small, between 5 and 10 mV. All-or-none action potentials could be evoked at the onset of depolarizing current pulses and at the offset of hyperpolarizing pulses in some, but not all, cells in normal saline. In the presence of potassium channel blockers, single action potentials were evoked at the onset of depolarizing current pulses in all cells tested, indicating that our inability to evoke action potentials in some cells in normal saline probably resulted from an inability to pass large currents through our microelectrodes and providing support for the interpretation that action potentials are generated at a site that is electrically distant from the cell body. Shocks to the auditory nerve often evoked small, all-or-none increments in synaptic responses that we interpret to be action potentials. The size of action potentials evoked with current was similar to the size of the action potentials detected in synaptic responses near threshold. The small size of the action potential was not the result of the cutting of the axon because there was no relationship between the presence of long segments of axons and collaterals and the presence of action potentials. The small size and high threshold of action potentials in octopus cells to injected current is consistent with their being generated at a site electrically more distant from the electrode than in other anatomical cell types. In similar slices of the cochlear nuclei we have recorded large action potentials in three types of stellate, fusiform, cartwheel, giant, and tuberculoventral cells (Wu and Oertel, 1984; Oertel and Wu, 1989; Oertel et al., 1990; Zhang and Oertel, 1993a- . Timing to strong shocks is more precise than to weak shocks to the auditory nerve. Sixty responses, of which four are shown superimposed, were recorded for each shock strength in cell 12. The numbers above the traces and on the right indicate the mean and SD of the latency, measured from the beginning of the shock artifact to the peak of the response. 1994). Although the morphology of octopus cell axons is not obviously different from axons of other types of cells in the cochlear nuclei, a low input resistance presumably causes the axon hillock to be electrically more distant in octopus cells than in other neurons of the cochlear nuclei. The input resistance was low in every recording from an octopus cell. It was not possible to use measures of the amplitudes of voltage changes in responses to current pulses to obtain estimates of input resistance because the time constants of the microelectrodes (between about 0.1 and 0.5 msec) were not sufficiently different from those of cells for the electrode contribution to the voltage change to be balanced. These results also raised the question whether the leakiness of octopus cells was an artifact of impalement or the result of the action of specific ion channels.
If the low input resistance of octopus cells resulted from the activity of channels in the membrane, then blockers of those channels should raise the input resistance. Thus, we measured the effects of known blockers of specific channels on the input resistance in 16 of the labeled octopus cells: tetraethyl ammo- To measure the jitter in timing, late&es between the beginning of the shock artifact and the peak of the synaptic response were measured in 60 repetitions of identical shocks. The first column shows the numbers assigned to the labeled octopus cells. The second column indicates shock strength. In most cells shocks were to the nerve root. In one cell, where shocks are labeled (AVCN), shocks were presented to the ascending branch of the auditory nerve in the AVCN. The last two columns give the mean and SD of latencies.
nium chloride (TEA), a blocker of K+ conductances (Hille, 1967); 4-aminopyridine (4-AP), also a blocker of K+ conductances (Yeh et al., 1976; Manis and Marx, 1991; Banks et al., 1993) ; and Cs+, a blocker of inward rectifiers (Hagiwara et al., 1976; McCormick and Pape, 1990; Banks et al., 1993; Kubo et al., 1993) . Neither the resting potential nor the input resistance of 4 octopus cells, assayed by the injection of current, were measurably changed by the application of 15 mM TEA in the bath. Potassium channels that are sensitive to TEA therefore make a relatively small contribution, if any, to the resting conductance.
Application of 4-AP produced changes in the properties of labeled octopus cells consistent with its known action on voltage-sensitive K+ channels. When 4-AP was applied at 1 or 2 mM it depolarized three labeled octopus cells and evoked a barrage of EPSPs, presumably by causing terminals of the inputs to fire (not shown). Even when excitatory input was blocked by 40 PM DNQX, 1, 2, and 4 mM 4-AP depolarized octopus cells by 8-10 mV but did not cause a measurable change in the input resistance in three additional cells. Figure 11 illustrates the effects of 2 mM 4-AP on the resting potential and on action potentials of cell 21. Anode-break action potentials are illustrated because, in occurring after the end of the current pulses, their measurement is independent of bridge balance. The action potentials evoked with depolarizing pulses were similarly broadened (not shown). The peaks of the action potentials in the presence of 4-AP reach more depolarized levels. Also, action Responses were robust, however, even when shocks were delivered at 1.4 msec intervals (714 Hz). The latency between the beginning of the shock artifact and the peaks of responses increased during the trains except at the lowest rate. At 476 HI., the first response had a latency of I .OS msec while the fifth response had a latency of 1.20 msec. At 714 Hz the eighth response had a latency of I .3S msec. Each trace shows the average of two responses. potentials are broadened and lack undershoots. These experiments indicate that octopus cells have voltage-dependent K' channels and that these channels contribute to the resting potential and shape the action potential. Although these K' channels presumably contributed to the resting conductance, as indicated by the effect of 4-AP on the resting potential, their relative contribution to the input resistance was small and not measurable in our experiments. In all eight labeled octopus cells tested, the input resistance was raised significantly in the hyperpolarizing voltage range by intracellular and extracellular Cs', slowing the voltage changes in responses to current. One experiment in which 5, 10, and IS mM CsCl were applied sequentially is illustrated in Figures 12  and 13 . Figure 12 shows responses to 0.5 nA hyperpolarizing current pulses under the various conditions. In the absence of Cs' the voltage changes were too rapid for the electrode to be balanced and thus for the input resistance IO be measured from the steady-state voltage change during the current pulse. The time course of the hyperpolarization at the onset of hyperpolarizing current pulses was measured in the traces shown in Figure  12 The action of Cs' made it possible to estimate the input resistance of octopus cells from the slopes of voltage-current plots (Fig. 13) . The plot shows a comparison of the voltage at the end of the current pulse as a function of pulse-strength in IO mM Cs+ with that in normal saline after IO mM Cs' was washed out.
Within IO mV of rest, the slope of the plot was I3 MO before Figure 10 . Synaptic responses to shocks of the auditory nerve were unaffected by blockers of glycinergic and GABAergic inhibition; they were blocked by an antagonist of non-NMDA glutamate receptors. All shocks were 5 V. Picrotoxin was applied for 8 min; strychnine was applied for 4 min; DNQX was applied for 4 min. and 8 MLR after 10 mM Cs+ was washed out. As there were no corresponding differences in time constants, the difference in slope was insignificant. We conclude that the input resistance of octopus cell 22 in normal saline was roughly 10 MLR The pattern of effects of extracellular Cs+ illustrated in Figures 12 and 13 was consistent in all six cells tested. Extracellular Cs+ has been shown to block inward rectifiers in other cells (Hagiwara and Takahashi, 1974; Hagiwara et al., 1976; Halliwell and Adams, 1982; Spain et al., 1987; van Ginneken and Giles, 1991; Banks et al., 1993) . In octopus cells, as in other cells (Hagiwara et al., 1976; Constanti and Galvan, 1983) , the block seems to be voltage dependent because the sag is blocked only with large hyperpolarizations. The finding that the voltage sagged back to -64 or -69 mV, levels more depolarized than expected for E,, suggests that the inward rectifier resembled Zh (DiFrancesco, 1981; Halliwell and Adams, 1982; McCormick and Pape, 1990; van Ginneken and Giles, 1991; Banks et al., 1993) more than ZK, (Hagiwara and Takahashi, 1974; Hagiwara et al., 1976; Oertel et al., 1978; Constanti and Galvan, 1983; Kubo et al., 1993) .
Intracellular iontophoresis of cesium acetate through the recording electrode also increased the input resistance and time constant of the two octopus cells tested (data not shown). The finding that the input resistance can be raised by blocking bio-Figure I I. The shape of action potentials is affected by 4-aminopyridine (4-AP). Anode break action potentials were evoked at the offset of -1.4 nA hyperpolarizing current pulses in cell 21, which was impaled with a Cs+ containing microelectrode. Bath-application of 2 mM 4-AP depolarized the cell by 8 mV and eliminated the undershoot after the action potential even when the cell was repolarized with current to the original resting potential; 40 pM DNQX was added together with 4-AP to eliminate synaptic input. The effects of 4-AP were reversible. Each trace is the average of 50 responses.
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-30 Control C 0 5 10 15 msec logical conductances indicates that the low input resistances of octopus cells are not experimental artifacts of the impalement.
In an attempt to block as much of the resting conductance as possible, one recording was made with a microelectrode that contained 2 M cesium acetate and both 15 mM Cs+ and 2 mM 4-AP were applied in the bath (Fig. 14) . Under these conditions, an all-or-none, regenerative event could be evoked with depolarizing current. The specificity of the blockers for potassium channels and mixed cation, inward rectifier channels makes it unlikely that the blockers affect the regenerative, depolarizing currents directly but enhances their activation by reducing opposing currents. The voltage-current relationship was approximately linear in the hyperpolarizing voltage range with a slope of 50 Ma Action potentials could only be evoked singly under all tested conditions. Potassium conductances injuence the waveform of evoked synaptic responses TEA, 4-AP, and Cs+ changed the waveform of responses to shocks of the auditory nerve in octopus cells, as would be expected from their actions as blockers of potassium conductances, but these changes resulted at least in part presynaptically. These blockers act not only on octopus cells but probably also on synaptic terminals (Katz and Miledi, 1967; Heuser et al., 1979; Lindgren and Moore, 1989; Bielefeldt et al., 1992; Hayashi and Stuart, 1993) . The addition of 2 or 4 mM 4-AP to the bathing medium induced frequent, spontaneous EPSPs; after the barrage of spontaneous synaptic input died down, 4-AP, like TEA and Cs+, increased the duration and amplitude of the synaptic responses of octopus cells and eliminated the afterhyperpolarization (Fig. 15 ). The elimination of the afterhyperpolarization was not an indirect consequence of depolarization, as hyperpolarization of the cell with current did not restore the presence of the afterhyperpolarization. The afterhyperpolarization in octopus cells is likely to be a consequence of the activation of one or more voltage-dependent, K+ conductances which contribute to the short duration of EPSPs in octopus cells.
Discussion
Octopus cells detect coincident firing within populations of auditory nerve fibers and convey acoustic information in precisely timed action potentials. In duration, the EPSPs of octopus cells are among the briefest recorded in any cell. Synaptic potentials can be brief because the input resistances of octopus cells are low and allow voltage changes to be rapid. The same mecha-2 mM 4-AP 2 mM 4-AP (-1 nA DC) Wash 22 nisms that allow octopus cells to carry timing information precisely, cause action potentials to be attenuated at the cell body where our recordings were probably most often made.
Octopus cells in slices from mice, as elsewhere, have large -4o--6O--Normal dendrites that spread across the bundles of auditory nerve fibers z= l.Omsec (Adams, 1986, humans; Osen, 1969; Kane, 1973; Brawer et al., 1974; Rhode et al., 1983, cats; Willard and Ryugo, 1983; Oertel et al., 1990; Willott and Bross, 1990, mice; Disterhoft, 1980, -80 -rabbits; Hackney et al., 1990, guinea pigs; Morest et al., 1990, chinchillas) . A new finding is that the axons of octopus cells in 5mM Cs+ 0.9 msec Wash 0.6 msec --Ii---"--mice terminate within the octopus cell area, in the deep layer of the dorsal cochlear nucleus, as well as in the granule cell lamina and superficial granule cells. The densest of the local projections is to the octopus cell area. This projection probably corresponds to that described by Warr to what he named the interstitial nucleus of the stria of Held (Wan; , 1972 and to the local projections of presumed octopus cells (Friauf and Ostwald, 1988, category' II) . Terminals of octopus cells were also associated with the granule cell lamina and superficial granule cells (Mugnaini et al., 1980) . In two cases axon collaterals reached into the deep layer of the DCN. , of responses to 0.5 nA hyperpolarizing current pulses about 20-fold in octopus cell 22. Cs+ was applied sequentially at various concentrations with intervening washes while the cell's input resistance was monitored with responses to current pulses. The first 7 msec after the onset of hyperpolarization were fit with double exponentials for most traces; in the presence of 10 and 15 mM Cs+ the first 30 msec were used to fit double exponentials. The transients at the onset and offset of the current pulses were truncated for clarity of the figure, but not for measuring Auditory nerve fibers provide a major source of excitatory input to octopus cells. The descending branches of auditory nerve fibers converge in the octopus cell area (Osen, 1969 (Osen, , 1970 Kane, 1973; Brawer et al., 1974; Godfrey et al., 1975; Lorente de N6, 1981; Willott and Bross, 1990) . Input from the cochlea is through the large, myelinated, type I fibers; small, unmyelinated, type II fibers pass near, but do not innervate, octopus cells (Berglund and Brown, 1994) . In cats the octopus cell area is innervated by small boutons from type I fibers with high spontaneous firing rates (Liberman, 1993) . On the basis of electron microscopical studies after cochlear ablation in cats it has been suggested that two of the four types of terminals that contact octopus cells arise from the cochlea and two from the superior olivary complex (Kane, 1973 (Kane, , 1977 Schwartz and Kane, 1977) . One type of ending presumably arises from type I auditory nerve fibers. Our results raise the possibility that the second terminal type ascribed by Kane to cochlear input arose, instead, from octopus cells.
IOmM Cs+
The auditory nerve of outbred mice contains about 10,000 myelinated afferent fibers (Ehret, 1979) . Willott and Bross (1990) have estimated the number of octopus cells in CBA/J mice to be 200. If every myelinated auditory nerve fiber were to terminate on one octopus cell, octopus cells would receive input from about 50 fibers. As auditory nerve fibers probably contact multiple octopus cells the convergence is likely to be considerably higher. Recordings in vivo which show that octopus cells are broadly tuned support this conclusion (Godfrey et al., 1975; Rhode et al., 1983; Rhode and Smith, 1986; Joris et al., 1992) . We have suggested that a small proportion of those inputs is required to bring octopus cells to threshold when auditory nerve fibers are activated synchronously with shocks. In responses to sound, under conditions when auditory nerve fibers t time constants. For every trace, one exponential had a short time constant, between 0.1 and 0.2 msec, that presumably was associated with the microelectrode. The second time constant varied with experimental condition and is shown for each trace. In the presence of 10 and 15 mM Cs+ the voltage fell slowly and then sagged back toward rest and repolarization after the end of the pulse was rapid. Excitatory synaptic input during the application of Cs+ was blocked with 40 PM DNQX. Figure 13 . Voltage-current relationships in the presence and absence of Cs'. Left, Hyperpolarizing current pulses produced large, slow voltage changes when 10 mM Cs+ was added to the bath. Right, Voltage change at the end of the 100 msec pulse as a function of injected current. Triangles denote measurements in 10 mM Cs+ from traces that include those on the left. The high input resistance allowed the bridge to be balanced. Circles denote measurements during the wash in normal saline after the 10 mM Cs+ had been washed out. are presumably activated less synchronously, a larger proportion of inputs would be reyuired to cause octopus cells to fire.
Input from the auditory nerve is mediated largely through AMPA glutamate receptors in all vertebrates (Wenthold and Martin, 1984; Wickesberg and Oertel, 1980; Raman and Trussell, 1992; Hunter et al., 1993; Zhang and Trussell, 1994) . We observed only excitation through AMPA receptors in responses to shocks of the nerve.
The absence of strychnine-sensitive inhibition is consistent with the finding that there are few, if any, glycinergic terminals in the octopus cell area of mice (Wickesberg et al., 1991) . In rats, the octopus cell area also shows a dearth of glycine-positive puncta (Osen, personal communication) .
In cats (Wenthold, 1987) and guinea pigs St. Marie et al., 1991) puncta labeled by antibodies against glycine conjugates have, however, been reported to be present. Puncta labeled with antibodies to GABA conjugates and to GAD are also present around octopus ceils (Adams and Mugnaini, 1987; St. Marie et al., 1989) . These puncta could correspond to one of the two sources of input from the superior olivary complex (Kane, 1973 (Kane, , 1977 Schwartz and Kane, 1977) . Octopus cells differed from other cells in the cochlear nuclei in slices in that IPSPs were absent (Wu and Oertel, 1986; Hirsch and Oertel, 1988; Oertel and Wickesberg, 1993) .
All 34 identified octopus cells have low input resistances and small action potentials. These unusual properties in our slices raise the question whether the low input resistances might reflect experimental artifacts arising from the slice preparation or from the impalement. Low input resistances, short time constants and high thresholds are often indications that cells are damaged. We consider it likely that these recordings from octopus cells reflect the properties of normal octopus cells for the following reasons. First, the finding was consistent in all 34 octopus cells. Second, the recordings from these cells were stable for several hours and had resting potentials that resembled those of other cells in the cochlear nuclei. Third, the histology of labeled and unlabeled octopus cells in most slices resembled that of octopus cells in tissue tixed in sirs and labeled with cresyl violet or with the Golgi technique (Willard and Ryugo, 1983; Willott and Bross, 1990) . Fourth, cells that were not octopus cells had conventional properties in the same slices. Fifth, extracellular Cs' blocked a large proportion of the conductance in the hyperpolarizing voltage range indicating that the input resistance did not result from a nonspecific leak. Sixth, the present results are consistent with extracellular recordings from octopus cells in t~ivo. The finely graded, precisely timed EPSPs are what would be expected from cells that have broad tuning curves, responses to tones with sharp onset peaks, and precisely timed responses to clicks (Godfrey et al., 1975; Joris et al., 1992; Smith et al., 1993) .
One conductance that probably contributes to the low input resistance of octopus cells is an inward rectifier. Two types of inward rectifiers have been described, both of which are blocked by Cs ' . One, I,,, results from a mixed cation conductance with a reversal potential in the range of -25 to -60 mV and has been described in muscle and in neurons of the hippocampus, thalamus, and brainstem (DiFrancesco, 19X I ; Halliwell and Adams, 1982; McCormick and Pape, 1990; van Ginneken and Giles, 199 I ; Banks et al., 1993) . Another, I,,, results from a conductance specific for K' and is dependent on the electrochemical gradient and has been described in starfish eggs, Paramecium, olfactory neurons, and heart muscle (Hagiwara and Takahashi, 1974: Hagiwara et al., 1976; Oertel et al., 1978; Constanti and Galvan, 1983; Kubo et al., 1993) . As in other cells, the block by Cs+ seems to be voltage dependent (Hagiwara et al., IY76; Constanti and Galvan, 1983) . if E, in octopus cells lies in the range between -80 and -95 mV, as is common in other mammalian neurons, the sag toward -70 mV observed in octopus cells in the presence of Cs' indicates that the inward rectifier results from a mixed conductance rather than a K + conductance and thus resembles I,, more than I,,. In support of this conclusion is the finding that Cs', in contrast with 4-AP, did not affect the resting potential.
Low input resistances have two functionally important consequences in the signaling of octopus cells. First, low input resistances allow synaptic potentials to be rapid and brief, contributing to the precision in timing discussed above. Second, low input resistances cause voltage changes in responses to synaptic currents to be small. Because the contributions of individual inputs are small and subthreshold, octopus cells serve as coincidence detectors for auditory nerve fibers. Such an interpretation is consistent with intracellular recordings from "on" units (Romand, 1978; Feng et al., lY94) .
While the usefulness of binaural coincidence detectors has long been appreciated, as for example in the Jeffress model for sound localization, the function of monaural coincidence detection has received less attention. Delgutte and Cariani (1992) have recorded responses to harmonic complexes, including some that evoke clear pitch sensations and others that have ambiguous pitches, from populations of auditory nerve fibers. They find that the period of pitch judgements in human beings corresponds to the most probable interspike intervals in the population of auditory nerve fibers in cats (Delgutte and Cariani, 1992) . Octopus cells are suited to detect common interspike intervals in auditory nerve fibers and might therefore encode pitch period in their temporal firing patterns.
